Serrat MA, Efaw ML, Williams RM. Hindlimb heating increases vascular access of large molecules to murine tibial growth plates measured by in vivo multiphoton imaging. J Appl Physiol 116: 425-438, 2014. First published December 26, 2013 doi:10.1152/japplphysiol.01212.2013.-Advances in understanding the molecular regulation of longitudinal growth have led to development of novel drug therapies for growth plate disorders. Despite progress, a major unmet challenge is delivering therapeutic agents to avascular-cartilage plates. Dense extracellular matrix and lack of penetrating blood vessels create a semipermeable "barrier," which hinders molecular transport at the vascular-cartilage interface. To overcome this obstacle, we used a hindlimb heating model to manipulate bone circulation in 5-wk-old female mice (n ϭ 22). Temperatures represented a physiological range of normal human knee joints. We used in vivo multiphoton microscopy to quantify temperature-enhanced delivery of large molecules into tibial growth plates. We tested the hypothesis that increasing hindlimb temperature from 22°C to 34°C increases vascular access of large systemic molecules, modeled using 10, 40, and 70 kDa dextrans that approximate sizes of physiological regulators. Vascular access was quantified by vessel diameter, velocity, and dextran leakage from subperichondrial plexus vessels and accumulation in growth plate cartilage. Growth plate entry of 10 kDa dextrans increased Ͼ150% at 34°C. Entry of 40 and 70 kDa dextrans increased Ͻ50%, suggesting a sizedependent temperature enhancement. Total dextran levels in the plexus increased at 34°C, but relative leakage out of vessels was not temperature dependent. Blood velocity and vessel diameter increased 118% and 31%, respectively, at 34°C. These results demonstrate that heat enhances vascular carrying capacity and bioavailability of large molecules around growth plates, suggesting that temperature could be a noninvasive strategy for modulating delivery of therapeutics to impaired growth plates of children.
bone; cartilage; blood; extracellular matrix; nutrient supply; permeability; multiphoton microscopy; vascular access; dextrans; temperature; skeleton; epiphyseal plate LONGITUDINAL BONE GROWTH IS driven by a complex interplay of cellular signals initiated by endocrine and paracrine regulators acting on growth plate chondrocytes (43, 56, 65) (Table 1 ). The field of skeletal biology has advanced with new insight into the molecular events that control postnatal bone elongation through endochondral ossification in cartilage growth plates (39, 43, 54, 55, 62, 84, 100) . Relative to our knowledge of the cellular mechanisms, little is known about how systemic and local regulators physically reach avascular cartilage (which lacks a penetrating blood supply), how they are transported to chondrocytes through the dense extracellular matrix (ECM) (85) , and how molecular size impacts their ability to diffuse through the zones of the growth plate (22, 99) . This creates an obstacle in the clinical treatment of linear growth disorders, as most systemic (and even local) therapies require vascular access to cartilage plates. The purpose of this study is to determine the effect of local temperature on transport of large molecules from the vasculature into growth plate cartilage, with an eye on translating results to a clinical setting.
Significant progress in understanding the molecular regulation of longitudinal growth has led to development of novel drug therapies for treating incurable growth plate diseases, such as achondroplasia, the most common form of human dwarfism. Achondroplasia is caused by an activating mutation in the FGF receptor 3, a negative regulator of linear growth (35) . Strategies aimed at inhibiting the mutant receptor are complicated by the need for a systemic drug with a longenough half-life and small enough size to diffuse into growth plates (46, 47) . Whereas promising therapies are emerging (24) , transporting agents into and through the dense ECM of cartilage remains a challenge. To date, only invasive techniques have been successful at targeting molecules into specific growth plates. Experimental approaches include surgically placed catheters and localized injections (1, 7, 52, 103) , as well as implantable drug-releasing scaffolds (86) . Noninvasive alternatives are needed.
There are two components of the vascular-cartilage barrier that determine solute availability in growth plates: 1) ability of molecules to exit the vasculature and 2) ability to enter the cartilage matrix. The endpoint of interest is total uptake in the growth plate, since this is what ultimately impacts chondrocyte performance. Farnum and colleagues (22, 99) demonstrated that molecular size was a limiting factor for entry of fluoresceinated dextrans into mouse tibial growth plates. Williams et al. (99) further described a transport block at the metaphyseal chondro-osseous junction and showed that molecules Ͼ10 kDa were essentially size excluded from the growth plate.
Research by Torzilli (88) and Moeini et al. (64) demonstrated that warm temperature increases solute uptake in articular cartilage ex vivo. Our prior work (80) showed that heat increases small solute (Ͻ500 Da) uptake in growth plate cartilage in vivo. In the current study, we sought to determine whether heat could increase uptake of large molecules (Ն10 kDa).
We tested the hypothesis that increasing hindlimb temperature from 22°C to 34°C increases vascular access of large systemic molecules using 10, 40, and 70 kDa dextran tracers that approximate the sizes of some major physiological regulators (Table 1) . Vascular access was quantified using in vivo multiphoton imaging to measure vessel diameter, velocity, and dextran leakage from subperichondrial vessels and accumulation in 5-wk-old mouse tibial growth plates. Healthy human knee joint temperatures can range from under 20°C to over 37°C during normal and clinical activities (8, 34, 44, 64, 72) . By modulating limb temperature within this natural range, we show that mild 34°C heating increases transport of large (Ն10 kDa) molecules that are otherwise size restricted at the vascular-cartilage interface. These findings are important because they reveal the potential of temperature as a noninvasive targeting strategy for enhancing molecular uptake in specific skeletal growth plates.
MATERIALS AND METHODS
Animals and experimental model. All procedures were submitted to and approved by the Institutional Animal Care and Use Committee at Marshall University (protocols 463, 527, and 558). Female C57BL/6J mice (n ϭ 22 total) were obtained from an in-house breeding colony at 35 days of age. We previously validated an acute temperature model using in vivo multiphoton imaging and demonstrated that hindlimb heating within a physiological range (33°C-37°C) increased growth plate uptake of the small tracer fluorescein (FL; 332 Da) (80) . We used the same model here because of its well-established impact on bone circulation [reviewed in ref. (77) ].
Growth plate vasculature and surgical approach. The three principal vascular routes by which blood reaches the growth plate, shown in Fig. 1 , are epiphyseal vessels, metaphyseal vessels, and a circumferential ring vessel connected to a subperichondrial plexus (11) . The epiphyseal and metaphyseal vessels course within the bone, whereas the circumferential vessel and its plexus are located just deep to the perichondrium (i.e., subperichondrial) that surrounds the cartilage plate (Fig. 1) . Soluble factors reach the growth plate through all three vascular routes (22) , and temperature can affect blood flow through these vessels (76, 80, 95) .
We followed our published protocol for tibial growth plate imaging and hindlimb temperature modulation (80) . To summarize, mice were given a preanesthetic dose of oxytetracycline (OTC; 50 mg/kg, Norbrook 200 mg/ml, diluted in sterile water) to facilitate growth plate localization on the multiphoton microscope (Fig. 1B) . Mice were anesthetized with isoflurane and positioned in dorsal recumbency atop a heating pad on a customized imaging stage. The left hindlimb was extended into a thermally isolated perfusion chamber designed for temperature manipulation and water-immersion imaging. The bath contained lactated Ringer's (LR) solution.
Surgical procedures were performed under a Leica MZ10F fluorescence stereomicroscope (Leica Microsystems, Buffalo Grove, IL). The proximal tibial growth plate was exposed by making a small surgical incision through the superficial fascia of the biceps femoris and gastrocnemius muscles between the medial collateral ligament and saphenous vessels, as described originally by Farnum and colleagues (22, 80) . The brief surgical procedure (Ͻ10 min total time) produced minimal bleeding and left the perichondrium, its vascular network, and joint capsule intact (Fig. 1B) .
Hindlimb heating procedure. During pilot testing, the average temperature of the mouse hindlimb measured at room temperature in Compounds shaded gray are delivered primarily through systemic circulation. Local regulators are produced by cells in the surrounding perichondrium [e.g., FGF-18 (47), parathyroid hormone-related protein (PTHrP) (14) , and bone morphogenetic proteins (BMPs) (31)] or by growth plate chondrocytes. IGF-I is also produced locally in the growth plate (9) . Ihh, Indian hedgehog; GH, growth hormone; MMP, matrix metalloproteinase; COJ, chondro-osseous junction; TGF-␤, transforming growth factor-␤. *Splice-variant isoforms (51) and species differences account for the range in apparent molecular weight of PTHrP. †Predicted molecular weight before proteolytic processing. the perfusion chamber was 22°C (range 21°C-23°C). This was defined as the baseline limb temperature. Note that the mouse itself was kept on a heating pad with a feedback probe to maintain an ideal core temperature of 36.5°C. The warm limb temperature was set to 34°C, because this is just above the normal healthy human range (30°C-33°C) (34, 64) , and enzymatic degradation can occur with chronic temperatures Ͼ34°C in diseased cartilage states (34) .
To warm the exposed growth plate, the LR bath was heated using a perfusion pump and in-line solution heater, as detailed previously (80) . Limb temperature was monitored and controlled using a thermocouple probe, which was consistently placed adjacent to the exposed growth plate. Limb temperature averaged 34°C (range 32°C-37°C) for all mice during warm-temperature imaging. The experimental protocol is summarized in Fig. 2 .
Fluorescent dextrans. Fluorescently labeled dextrans are biologically inert, nontoxic, water-soluble, linear polysaccharides commonly used in solute transport, uptake, size exclusion, and cell-tracking studies (64a). Dextrans were obtained commercially (Life Technologies, Grand Island, NY) in different molecular weights representing a size range of physiological regulators that are important in endochondral ossification (Table 1) : 10 kDa tetramethylrhodamine (TMR; D1868), 40 kDa FL (D1844), and 70 kDa FL (D1823). TMR and FL were selected because they could be coinjected and imaged simultaneously in separate viewing channels on the multiphoton microscope. Dextrans were prepared at 90 mg/ml in PBS. Mice were given a single bolus intracardiac injection into the left ventricle, as detailed previously (80) . TMR (10 kDa) and 40 kDa FL dextrans were delivered together by a single 80-l bolus injection (n ϭ 6 mice) for simultaneous dual-channel imaging on the microscope. FL dextrans (70 kDa; 30 l) were injected separately into a different sample of animals (n ϭ 5).
Validation experiments were carried out using 10 kDa FL (D1821; n ϭ 4 mice; Fig. 2 ) and 40 kDa TMR dextrans (D1842; n ϭ 2 mice) to confirm temperature results using other fluorescent conjugates. The 40-kDa TMR dextrans were used to rule out charge effects, since they have a neutral charge, and all of the other dextrans were anionic. Most fluorescent dextrans carry a net negative (anionic) charge as a result of the labeling reaction (64a). The anionic charge facilitates solubility at the concentrations necessary for visualization in the growth plate, as we had difficulty solubilizing neutral dextrans at sufficient concentrations for in vivo imaging. Representative data are only available for two animals using neutral 40 kDa TMR. Results demonstrate that neutral dextrans had the same pattern of temperature-enhanced entry as the anionic dextrans. Statistical analyses were limited to 10 kDa TMR and 40 kDa FL. In addition to solubility and sample-size differences, intensity-scale differences prohibited data pooling (see Fig. 4) .
Fluorescently labeled biomolecules. Fluorescently labeled growth hormone (GH) and dexamethasone FL (dexa-FL) were used to test the feasibility of imaging physiologically relevant molecules in the region of the growth plate. Biologically active dexa-FL (molecular weight 840.9 Da) was purchased commercially (D1383; Life Technologies) and prepared at 3.3 mg/ml in PBS. Human GH (CYT-202; ProSpec, East Brunswick, NJ) was prepared at 1 mg/ml in water and labeled using an Alexa Fluor 488 Microscale Protein Labeling Kit (A30006; Life Technologies), following the manufacturer's instructions exactly. The molecular weight of labeled GH was ϳ23.2 kDa. Mice, in separate experiments (n ϭ 3 animals total), were given a single 150-l ip injection of dexa-FL (500 g) or labeled GH (90 g), diluted in PBS. Hindlimb temperature was changed during the dexa-FL experiment to test whether heat increases entry of this small, biologically Images show a representative experiment from the same animal at the same growth plate location at 22°C and 34°C. Dextrans were localized primarily in the metaphyseal bone vasculature at the bottom of the image at 22°C. After equilibrating the limb to 34°C for 30 min (middle), more dextran had entered the bone vasculature and infiltrated the growth plate. To ensure vascular integrity after the 10-kDa dextran injection, the mouse was then injected with the small tracer FL (332 Da), which appeared bright in both vasculature and growth plate within minutes (right). These results demonstrate that 1) the 10-kDa dextrans were partially size excluded, and 2) the limited 10-kDa entry was not an artifact of vessel patency or diffusion time. C: to rule out the possibility that the increase in dextran concentration was due to time and not temperature, a pilot study was conducted over the same total, 60-min time period without changing the temperature. active molecule. Labeled GH was injected at 32°C to test whether this larger molecule could be visualized in the mouse tibial growth plate at physiological temperature. All other procedures followed methods used for fluorescent dextrans.
In vivo multiphoton microscopy. Our previous approach for measuring solute delivery in growth plates was based on a custom-built multiphoton microscope housed at Cornell University (79, 80) . Established by Farnum, Williams, and colleagues (22, 99) , that system held the first specialized platform optimized for imaging mouse tibial growth plates in vivo. We applied the same methods here using a commercial multiphoton microscope with customized peripherals that we developed to mirror the original system. Experiments were performed in the Marshall University Molecular and Biological Imaging Center using an upright Leica TCS SP5 II multiphoton microscope with a Ti:Sapphire-pulsed femtosecond laser with dispersion compensation (Chameleon Vision II; Coherent, Santa Clara, CA). The limb was first oriented under bright-field illumination using a Leica HC PL Fluotar 5ϫ/0.15 numerical aperture (NA) air objective to identify the region for multiphoton imaging.
The growth plate was imaged using a Leica HCX IRAPO L 25ϫ/0.95 NA water-immersion dipping objective attached to a motorized, two-position, retractable nosepiece that provided a large field of view and several millimeters of required working distance to accommodate the mouse below. Excitation wavelength was tuned to 880 nm, and emissions were collected in reflected light mode using external (nondescanned) detectors with emission filters for the separation of second harmonic generation (SHG) from collagen (407-507 nm) and OTC/FL (475-575 nm), with a 495-nm beam splitter. TMR emissions (545-625 nm filter) were separated from collagen SHG and FL using a 560-nm beam splitter (filter set 156504245; Leica). Images were captured at a scan speed of 100 Hz (5.12 s/frame), which provided optimal resolution of the growth plate and surrounding plexus. Line scans were done at 400 Hz (1.28 s/frame), which provided a good balance between resolution and required speed for blood velocity measurements.
Image acquisition. SHG from collagen in the perichondrium and OTC fluorescence in epiphyseal and metaphyseal bone were used to identify the growth plate and define imaging depth. We standardized imaging depth (50 m deep to the deepest edge of the perichondrium) by collecting sequential optical sections in a Z-series at 5 m intervals from superficial to deep (30 -40 sections) (80) . Images were captured using simultaneous collection channels for SHG, FL, and TMR after mice were given an intracardiac injection of dextrans. Baseline images were captured 30 min after the dextran injection (summarized in Fig. 2 ). Our prior work has shown that accumulation of FL plateaus in the growth plate in Ͻ10 min (22, 80) . We used a 30-min time point here to account for potentially slower accumulation of the larger molecular-weight dextrans. Repeat images were collected after warming the growth plate to 34°C and allowing the temperature to equilibrate for 30 min. Growth plate location was verified by matching morphology of the SHG collagen in 22°C and 34°C Z-series.
To rule out the possibility that any measured increase in dextran concentration was due to time and not temperature, a pilot study was conducted over the same total 60-min time period, without heating the limb, to ensure that dextran levels did not increase (Fig. 2, C and D) . Temperatures started at a cool baseline, because it would not be possible to discriminate a decrease in fluorescence intensity after the growth plate is saturated with dextran at warm temperature (80) .
Dextran quantification in growth plate. Dextran access to the growth plate was measured for each tracer and temperature by quantifying fluorescence intensity in 400 m ϫ 150 m sample regions within the growth plate and adjacent metaphyseal bone vasculature. Fluorescence was recorded in arbitrary units (A.U.), measured as the average pixel intensity in the entire region of interest. The measured A.U. intensities were not on the same scale for each dextran conjugate, so a relative change from baseline was calculated to facilitate comparisons between animals and molecular weights.
Percentage increase from 22°C baseline was defined as [(34°C A.U. Ϫ 22°C A.U.)/22°C A.U.] ϫ 100. Raw data were also evaluated for each dextran separately, since meaningful biological data can be lost in ratios.
Dextran quantification in subperichondrial plexus vessels. To quantify a change in vascular permeability with temperature, we measured extravasation of dextrans in a selected subperichondrial plexus vessel that was tracked before and after limb warming. Vessels were selected based on two primary criteria: 1) consistent location in the plexus and 2) ability to match reproducibly the same vessel at both temperatures. This was typically a branch-off of the circumferential ring vessel located at an average depth of 65 m below the most superficial edge of the perichondrium and running perpendicular to the long axis of the bone. Vascular anatomy in this region is fairly consistent, and the paired-comparison approach helped assure data reproducibility. Collagen SHG morphology was used to verify matching image location at 22°C and 34°C.
Fluorescence intensity was quantified in 15 m ϫ 15 m sample regions in the intravascular space (vessel lumen) and adjacent extravascular space of the selected vessel following published methods (69) . We use the term "extravasation" deliberately to refer to vessel leakiness rather than permeability per se, because we have not taken into account the pressure differential between the vessel and outside space that would be required for a true permeability measurement. Our intent was to capture a functional biological metric of vessel leakiness to assess quantitatively the amount of solute that is potentially available to infiltrate to the growth plate at different temperatures. Raw data and percentage increase values were evaluated as described above. Relative leakage was also computed as a ratio of extravascular to intravascular fluorescence.
Blood velocity and vessel diameter measurements. To determine whether heat increases the carrying capacity of the plexus vasculature, blood velocity and vessel diameter were measured in the subperichondrial plexus after plasma was labeled with FL dextrans. Velocity measurements were restricted to vessels of similar baseline diameter to standardize comparisons (19) . To measure velocity, a line scan was taken through the central axis of a selected vessel at a speed of 400 Hz (400 lines/s). The total time of each 512 line frame was 1.28 s. Lines were always acquired parallel to the vessel walls in the center of the vessel lumen. Z-series image stacks were used to confirm that the angle of the vessel was in the same plane as the line so that angle calibration (68) was not necessary. In the resulting image, the vertical dimension represents time (the 1.28-s interval of the line scan), and the horizontal dimension represents distance (512 lines of the scan). Red blood cells, moving through the vessel, appear as nonfluorescent dark shadows within fluorescent plasma (white). Velocity is estimated by measuring the average slope of the line created by the red blood shadows, as others have detailed (19, 42, 68) .
Vessel diameter was measured from three-dimensional (3D) image projections (Z-stacks) of selected vessels at 22°C and 34°C. The 3D projections provided a more reliable representation of vessel size and morphology compared with a single optical slice. Vessel Z-series were depth matched using collagen SHG and converted to 3D projections in ImageJ software (htpp://imagej.nih.gov/ij). Vessel diameter was recorded as the average of three measurements taken perpendicular to the long axis of the vessel at evenly spaced points in the same position at 22°C and 34°C.
Image processing and statistical analysis. All image processing and analysis were done in ImageJ software, version 1.44. Statistical analyses were performed using SPSS 21.0 software, with ␣ ϭ 0.05 as accepted significance. Data were evaluated using two-way and repeatedmeasures ANOVA designs. A two-way factorial model was applied to percent-increase values, with percent increase as the dependent variable, and molecular weight and region as fixed factors. Tukey's Honestly Significant Difference multiple comparison test was used to identify significant pair-wise differences. Raw fluorescence values for each size dextran were analyzed separately using repeated-measures ANOVA to evaluate temperature effects on absolute dextran accumulation in regions of the growth plate and plexus. The model was defined with region (of growth plate or plexus vessel) as the betweensubjects factor. The repeated measure was fluorescence intensity at 22°C and 34°C. Differences in blood vessel diameter and blood velocity at 22°C and 34°C were assessed using paired t-tests.
RESULTS
Warm limb temperature enhances large solute accumulation in the growth plate. Real-time multiphoton imaging revealed that warm temperature increased the entry of 10 kDa FLlabeled dextrans in the proximal tibial growth plate (Fig. 2B) . All three images in Fig. 2B show a representative experiment from the same animal, at the same growth plate location. Qualitatively, dextran entry into the growth plate at 22°C was low when measured 30 min after injection of 10 kDa FL dextrans. Fluorescence was localized primarily in the metaphyseal bone vasculature (Fig. 2B) . After equilibrating the limb to 34°C for 30 min, more dextran had visibly entered the bone vasculature and infiltrated the growth plate (Fig. 2B) . To ensure vascular integrity after injection of the 10-kDa dextran and to demonstrate that its limited entrance was not an artifact of time (or lack thereof), the mouse was given a 50-l bolus injection of FL (0.5%). FL is a small, 332-Da molecular-weight tracer (slightly larger than glucose; Table 1 ) that we have shown previously to saturate the growth plate fully (80) . The FL entered the growth plate immediately and within 5 min, had saturated both vasculature and growth plate (Fig. 2B) , suggesting that entry of the 10-kDa dextran was size limited.
Temperature-enhanced entry into the growth plate depends on molecular size. To assess quantitatively the effects of temperature and molecular weight on dextran transport into the growth plate, we analyzed depth-matched images of 10, 40, and 70 kDa dextran uptake in standardized regions of the growth plate and metaphyseal bone vasculature at 22°C and 34°C (Fig. 3B) . To facilitate comparisons among the tracers with different absolute intensity scales (see Fig. 4 ), we transformed data into standardized values, calculated as a percentage increase in tracer accumulation at 34°C relative to 22°C baseline. Figure 3A shows that the 10-kDa dextran (n ϭ 6) increased Ͼ150% in both growth plate and metaphysis. The 40-kDa dextran (n ϭ 6 coinjected with 10 kDa) increased nearly 50% in the metaphysis but only 18% in the growth plate.
The 70-kDa dextran (n ϭ 4) increased 64% in the metaphysis and 42% in the growth plate; however, there was substantial variation in the 70-kDa sample. Standard deviations for the 70-kDa values were nearly triple those of the 40 kDa, with correspondingly large standard errors rendered by the small sample size (Fig. 3A) .
Two-way ANOVA applied to the standardized values was used to determine whether dextran increase at 34°C depended on molecular-weight and/or anatomical region (growth plate vs. metaphyseal vasculature). The analysis revealed a significant effect of molecular weight (F ϭ 8.98, P ϭ 0.001) but no difference due to region (F ϭ 0.57, P ϭ 0.457); there was no interaction (F ϭ 0.09, P ϭ 0.917). Tukey's post hoc multiple comparison testing showed that the increase in the 10-kDa tracer was significantly greater than both 40 kDa (P ϭ 0.001) and 70 kDa (P ϭ 0.015). There was no difference between the 40 kDa and 70 kDa (P ϭ 0.834).
Intraregion comparisons for the 40-kDa dextrans showed a 30% greater increase in relative metaphyseal fluorescence compared with the growth plate (paired t ϭ 5.19, P ϭ 0.002). There was no difference in relative increase between growth plate and metaphysis for the 10-kDa dextrans (paired t ϭ 0.28, P ϭ 0.79; Fig. 3A ). There was also no difference in relative increase between growth plate and metaphyseal regions in the 70 kDa (paired t ϭ 0.78, P ϭ 0.49), although the mean values differed by Ͼ20%. The 70-kDa sample was small, and standard deviations were large, suggesting the potential for a statistically significant difference with a larger sample size.
To investigate further the effects of temperature on dextran distribution in regions of the growth plate and metaphyseal vasculature, we analyzed raw data for each molecular weight separately using repeated-measures ANOVA. Absolute values could not be compared across molecular-weight categories, because the fluorescence intensities of each fluorophore were not on the same scale (Fig. 4, A-C) . Values were increased at 34°C for all tracers and all regions (Fig. 4) . For the 10-kDa dextrans, absolute fluorescence intensities in the growth plate and metaphysis at 34°C were each more than double their 22°C intensity (Fig. 4A) . Repeated-measures ANOVA revealed significant differences between baseline 22°C and warm 34°C temperatures (F ϭ 17.82, P ϭ 0.001), as well as between growth plate and metaphyseal regions (F ϭ 19.34, P Ͻ 0.001). Fig. 3 . Size-selective temperature enhancement in the growth plate. A: temperature-enhancement graph quantitatively shows a size-selective increase in dextran entry in the growth plate at 34°C. Data were collected in 400 ϫ 150 m sample regions in the growth plate and metaphyseal bone at a standardized depth, 50 m below the deepest edge of the perichondrium (B). Enhancement ratios are plotted as percentage increase at 34°C from 22°C baseline. The 10-kDa dextrans increased Ͼ150% in both growth plate (black) and metaphyseal (gray) regions. The 40-kDa dextrans (coinjected with 10 kDa) increased only 18% in the growth plate and 50% in the metaphysis, and the 70-kDa dextrans (injected into separate mice) increased 42% in the growth plate and 64% in the metaphysis. These results suggest that the larger dextrans were size restricted from entering the growth plate. Means Ϯ 1 SE are shown. Sample sizes are on the x-axis; **P Ͻ 0.01, significant difference by paired t-test.
There was a significant temperature-by-region interaction (F ϭ 5.36, P ϭ 0.02), revealed by the steep increase in metaphyseal fluorescence at 34°C, illustrated in Fig. 4A .
There were significant temperature (F ϭ 37.54, P Ͻ 0.001) and region (F ϭ 12.47, P ϭ 0.002) differences for the 40-kDa dextrans, as well as a significant temperature-by-region interaction (F ϭ 22.25, P Ͻ 0.001; Fig. 4B ). There were also significant temperature (F ϭ 4.44, P ϭ 0.04) and region (F ϭ 58.67, P Ͻ 0.001) differences in the 70-kDa sample, but there was no interaction (F ϭ 2.12, P Ͼ 0.10; Fig. 4C ). From these collective results (Figs. 2-4) , we conclude that temperature size selectively increased dextran accumulation significantly in regions of the growth plate and metaphyseal vasculature.
To rule out the possibility that temperature-enhanced entry of 40 and 70 kDa dextrans was limited by their negative charge rather than their size (potentially repelled by the negative charge of proteoglycans in cartilage), validation experiments were conducted using neutral 40 kDa TMR dextrans. Neutral dextrans were not used in the other analyses because of their low solubility at the concentrations required for in vivo visualization (see MATERIALS AND METHODS). Figure 4D shows the raw data from n ϭ 2 mice injected with neutral dextrans. The pattern of distribution in growth plate and metaphysis, as well as the magnitude of the temperature response, matches results from the anionic, 40-kDa FL dextrans (Fig. 4B) . These limited data, which allowed us to separate the effects of size from those of charge, are consistent with the null hypothesis that there is no effect of charge on temperature-enhanced entry into the growth plate. Whereas statistical testing was not possible, due to the small sample size, our conclusion from these neutral dextran data is that size and not charge is the major limiting factor for entry into the growth plate.
Heat increases dextran accumulation in subperichondrial plexus vessels. To assess temperature effects on vascular leakiness, we measured extravasation of dextrans in vessels of the subperichondrial plexus (see Fig. 6B ). Raw data were transformed as detailed above. Figure 5A shows that relative to baseline 22°C levels, the 10-kDa dextran (n ϭ 4) increased Ͼ120% in the extravascular space and nearly 90% in the vessel lumen at 34°C. The 40-kDa dextrans (n ϭ 4 injected at the same time as the 10-kDa dextrans) increased ϳ185% in both extravascular and intravascular spaces, and the 70-kDa dextrans (n ϭ 5 injected into a separate group of animals) increased Ͼ185% in both compartments (Fig. 5A) . Two-way ANOVA applied to these data revealed no significant differences due to molecular weight (F ϭ 1.29, P ϭ 0.297) or region (F ϭ 0.097, P ϭ 0.759); there was no interaction (F ϭ 0.03, P ϭ 0.968).
To ensure that meaningful biological data were not lost in the transformed percentages, we evaluated absolute fluorescence intensities for each tracer individually (Fig. 6) . Statistical comparisons were not made across molecular-weight categories because their fluorescence intensity scales were not the same (Fig. 6, A-C) . Repeated-measures ANOVA for the 10-kDa dextrans revealed a significant temperature effect (F ϭ 15.14, P ϭ 0.004), with nearly twice as much accumulation in both extravascular and intravascular spaces at 34°C compared with 22°C values (Fig. 6A) . Fluorescence intensity did not differ between intravascular and extravascular regions at either temperature (F ϭ 0.021, P ϭ 0.889), and there was no temperature-by-region interaction (F ϭ 0.44, P ϭ 0.532; Fig. 6A ). These results indicate that total delivery of the 10-kDa dextrans increased with temperature, but their capacity to extravasate out of the vessel lumen did not appear to be temperature dependent (dextrans were distributed evenly in the intravascular and extravascular spaces at both temperatures).
The 40-kDa dextrans differed significantly by temperature (F ϭ 35.42, P Ͻ 0.001) and region (F ϭ 3.68, P ϭ 0.05). There was a significant temperature-by-region interaction (F ϭ 7.10, P Ͻ 0.05), as evident by the steep increase in intravascular fluorescence at 34°C (Fig. 6B ). There were also significant temperature (F ϭ 25.09, P Ͻ 0.001) and region (F ϭ 7.64, P Ͻ 0.05) effects in the 70-kDa sample, as well as a significant interaction (F ϭ 5.30, P Ͻ 0.05; Fig. 6C ). Fluorescence intensities of 40 and 70 kDa dextrans increased nearly threefold in both intravascular and extravascular spaces at 34°C (Fig. 6, B and C) . These results suggest that warm temperature increased the amount of 40 and 70 kDa dextrans in vessels of the subperichondrial plexus, but their relative extravasation out of the lumen did not appear to be temperature dependent (Figs. 6D and 7) . Figure 6D is a plot of relative dextran leakage, calculated as the ratio of extravascular-to-intravascular fluorescence intensities (R1/R2). Although steric effects are evident (greater leakage of 10 kDa relative to 40 or 70 kDa dextrans; F ϭ 11.97, P Ͻ 0.001; Fig. 7 ), there were no size-dependent temperature effects. Relative dextran leakage (R1/R2) did not differ between 22°C and 34°C for any molecular weight (F ϭ 0.016, P Ͼ 0.90; Fig. 6D ).
Based on these data (Figs. 5-7) , we conclude that temperature significantly increases dextran accumulation in the microcirculation surrounding the growth plate. Relative leakage out of the vessels, however, appears to be dependent on molecular size and not temperature.
Heat increases vessel diameter and blood velocity in subperichondrial plexus vessels.
To determine whether heat increases the total blood supply in vessels surrounding the growth plate, blood velocity and vessel diameter were measured in selected vessels of the subperichondrial plexus. Figure 8 shows the same blood vessel in the tibial plexus of a 5-wk-old mouse imaged at 22°C and then 30 min later, after warming its limb to 34°C. In a sample of n ϭ 8 individual mice (Fig. 8) , there was a 31% relative increase in vessel diameter at 34°C. Average diameter increased from 22 m to Ͼ28 m in 30 min (paired t ϭ 7.89, P Ͻ 0.001). From these data, we conclude that warm temperature causes acute vasodilation in the plexus microvasculature.
To quantify the effects of temperature on blood velocity, line-scan images of plexus vessels were generated along the directionality of the blood flow (Fig. 9B) . Movements of red blood cells were tracked by the shadows within the fluorescent plasma. Average slope of the red blood cell shadows was used to calculate velocity. In paired comparisons of n ϭ 5 individual mice, the average relative increase in blood velocity was Ͼ118% (Fig. 9A) . There was noted variation in baseline 22°C velocity, from under 1,000 m/s to nearly 2,000 m/s (minimum 730 m/s; maximum 1,896 m/s). This variation could be attributable to differences in vessel diameter, although we chose vessels of similar baseline diameter in efforts to minimize interanimal variability. Velocity nevertheless increased at 34°C in all cases, ranging from just over 1,000 m/s to Ͼ5,000 m/s ( Fig. 9A; minimum 1 ,281 m/s; maximum 5,252 m/s). On average, blood velocity at 34°C was over double its value at 22°C (paired t ϭ 2.54, P ϭ 0.032). From these collective data (Figs. 8 and 9 ), we conclude that heating the limb to 34°C increases the total amount of blood in the subperichondrial plexus by increasing blood velocity and blood vessel diameter. 
Fluorescently labeled biomolecules enter the growth plate in vivo.
To demonstrate the feasibility of imaging fluorescently labeled biomolecules in the growth plate in vivo and to confirm temperature results using physiologically relevant tracers, proofof-concept experiments were conducted using biologically active dexa-FL (Fig. 10, A and B) and labeled GH (Fig. 10, C and D) . Consistent with results obtained using biologically inert dextrans, less than one-half of the amount of dexa-FL was measured in the growth plate and in the region of the metaphyseal bone at 22°C baseline (Fig. 10A) compared with 32°C (Fig. 10B) . In a separate experiment, labeled GH (23.2 kDa) was injected at 32°C to demonstrate its entry into the mouse tibial growth plate at physiological temperature. Results validate the ability to visualize labeled GH entry into the growth plate under controlled experimental conditions in vivo, similar to biologically inert dextrans (Fig. 10, C and D) .
DISCUSSION
This study is, to our knowledge, the first of its kind to assess quantitatively temperature effects on large solute (Ն10 kDa) accumulation in the growth plate and its microvasculature using real-time in vivo multiphoton microscopy. This work is also the first to demonstrate entry of biological molecules in the growth plate in vivo. Developments in imaging technology over the past decade have yielded unprecedented opportunities to study molecular transport to growth plate cartilage in vivo (22, 99) , extending our ability to address fundamental biological questions that were previously unanswerable. With the use of a live animal model, this study adds valuable data to our understanding of the physical mechanisms that can regulate molecular delivery to cartilage plates.
We imaged 10, 40, and 70 kDa fluorescently labeled dextrans, size-proxy tracers for physiological molecules, to test directly the hypothesis that local hindlimb heating increases vascular access of large molecules to growth plates. Vascular access was quantified by measuring: dextran accumulation in growth plate and metaphyseal bone; dextran leakage from subperichondrial vasculature and accumulation in the extravascular space; and blood vessel diameter and red blood cell velocity in selected subperichondrial plexus vessels. The novel results that robustly support our hypothesis are as follows: 1) warm limb temperature enhances large solute accumulation in the growth plate; 2) temperature-enhanced entry into the growth plate depends on molecular size; 3) heat increases dextran accumulation in the subperichondrial plexus surrounding the growth plate; 4) relative leakage out of the plexus vessels appears to depend on molecular size and not temperature; and 5) heat increases volume of blood delivered to the growth plate, as measured by vessel diameter and blood velocity in subperichondrial plexus vessels. 40 kDa (B) , and 70 kDa (C) dextrans in extra-and intravascular regions of subperichondrial plexus vessels at 34°C. Repeated-measures ANOVA confirmed significant temperature effects for all 3 tracers. There was no difference between regions for the 10-kDa dextrans, which were distributed nearly evenly among extra-and intravascular spaces. There was no temperature by region interaction (note that the lines are essentially parallel). In contrast, there were significant temperature and regional differences in the 40-and 70-kDa dextrans, as well as significant interactions (note the lines are not parallel). D: relative dextran leakage (R1/R2) did not differ between 22°C and 34°C for any molecular weight, but leakage of the 40-and 70-kDa dextrans was only ½ that of the 10-kDa dextrans. More of the larger dextrans were retained in the vessel lumen at both temperatures (see Fig. 7 ). Means Ϯ 1 SE are shown. Asterisks indicate a significant increase from 22°C baseline, assessed by post hoc paired t-testing within each region (*P Ͻ 0.05; **P Ͻ 0.01).
Heat Increases Large Molecule Access to Growth Plates • Serrat MA et al. We chose temperatures deliberately that were within the physiological range measured in healthy, articulating knee joints during normal activities and therapeutic applications (8, 34, 44, 64, 72) . We have made the basic assumption (see Caveats and technical considerations) that intra-articular kneejoint temperature is representative of proximal tibial growth plate temperature, given the close anatomical proximity of the epiphyseal cartilage to its adjacent joint cavity. Our results demonstrate that 34°C heat, relative to 22°C baseline, increases the arrival and entry of large molecules that are otherwise size restricted at the vascular-cartilage interface of the growth plate (22, 99) . Percent enhancement (relative increase) values were Ͼ150% for 10 kDa dextrans, and 18% and 42% for the 40-and 70-kDa dextrans, respectively, indicating a size dependence. These results make an important contribution to understanding basic growth plate nutrition and for revealing heat as a possible mechanism to overcome the transport block created by the dense cartilage matrix. Our data suggest that temperature could be an easily exploitable variable for regulating vascular access to avascular growth cartilage. We propose that heat could be used clinically to enhance delivery of large molecules to growth plates with local specificity.
Temperature-enhanced entry into the growth plate depends on molecular size. The dextran results are consistent with our prior temperature study using the small tracer FL (80), which showed that heat is permissive to tracer exit from the vasculature and mobility through the growth plate in vivo. Here, we demonstrate that both temperature and size impact transport into the growth plate. Dextran levels were higher in the metaphyseal vasculature relative to the growth plate at both temperatures (Figs. 3 and 4) . Williams et al. (99) described a transport block at the metaphyseal chondro-osseous junction, which appears to restrict movement of large (Ն10 kDa) solutes into the growth plate. Part of this block could be due to the impermeable nature of the calcified cartilage matrix in this region (85) . Composition and structure (density, organization) of the matrix are thought to play significant roles in governing molecular diffusion in cartilage (6, 16, 21, 50, 81-83, 89, 90, 102) .
Our data show that mild heat (34°C) can increase significantly the entry of large molecules that are otherwise restricted from the growth plate at cooler (22°C) temperature. However, our results also demonstrate that the magnitude of the temperature effect is dependent on size: relative increase of 10 kDa dextrans in the growth plate at 34°C was Ͼ150%, whereas that of the 40-and 70-kDa dextrans was Ͻ50%. Our results are consistent with those of others, who have established size (3, Multiphoton images of the same vessel in the subperichondrial plexus of a live, 5-wk-old mouse show a 31% relative increase in vessel diameter after 30 min of 34°C warming after 22°C baseline (top). Vessels were visualized at 880 nm illumination after an intracardiac injection of 40 kDa FL dextrans to label the plasma (white). Vessel location was tracked using SHG from collagen in the perichondrium (see Fig. 7 ). Vertical yellow lines show diameter measurements. On average, vessel diameter increased from 22 m to Ͼ28 m in 30 min, demonstrating the sensitivity of the microvasculature to temperature change; (***P Ͻ 0.001). 16, 50, 60, 88 -90) and temperature (12, 64, 85, 88) effects on solute diffusion through cartilage zones.
The knowledge of the size-exclusion limits of growth plate transport and the enhancement ratio of temperature could also be of great use in designing drug-delivery experiments. In terms of temperature, Stambaugh and Brighton (85) demonstrated that diffusion coefficients for radioactively labeled insulin in the reserve growth plate zone were over twofold greater at 22°C than at 4°C. In terms of size, Byun et al. (12) found that a 48-kDa anti-IL-6 antigen-binding fragment could diffuse into articular-cartilage explants, whereas full-sized, 150-kDa immunoglobulin antibodies could not (60) . Urech and others (92) , likewise, found that a single-chain Fv antibody against TNF-␣ could penetrate synovial cartilage effectively in vivo and in vitro, whereas the full-length TNF-␣ antibody could not. Rothenfluh and colleagues (75) studied transport of cartilage-targeting nanoparticles and found a 14.9-fold higher accumulation of 38 nm particles in cartilage grafts compared with 96 nm particles, even though both size particles were linked with a cartilage-targeting peptide sequence.
Heat increases dextran accumulation in subperichondrial plexus vessels. We examined dextran leakage from subperichondrial plexus vessels at 22°C and 34°C to determine whether vascular exit was affected by size and/or temperature. Studies of tumor vascular permeability demonstrate that high molecular-weight dextrans (40 -70 kDa) have a low permeability and long plasma half-life, which limits their penetration and accumulation in tissues (18) . In most organs, capillary pore sizes are thought to restrict the passage of dextrans with a molecular weight Ͼ20 kDa (61) . Others have demonstrated that heat increases vascular endothelial permeability (5, 25, 59, 91) . Cold temperature is known to decrease membrane fluidity (41) and increase blood viscosity (20, 30, 73) . Therefore, we hypothesized that heat would enhance movement of high molecular-weight dextrans that otherwise have limited permeation in tissues.
We found that heat enhanced dextran accumulation in the microcirculation surrounding the growth plate as expected (Figs. 5-7 ), but their capacity to extravasate out of the vessel lumen (relative leakage) did not appear to be affected by temperature. Extravascular-to-intravascular ratios were the same at both temperatures (Fig. 6D) . However, the steric effects are noteworthy. The larger 40-and 70-kDa dextrans remained more in the vessel lumen at both temperatures, whereas the smaller 10-kDa dextrans extravasated out into the interstitial space (Figs. 6D and 7) . Therefore, the reduced entry of the larger dextrans in the growth plate at both temperatures was due, at least in part, to their inability to exit the vasculature.
What is unclear is why temperature had a size-selective effect on increasing growth plate permeability but not on relative vessel leakiness (Fig. 6D) . The increase in intravascular fluorescence intensity at 34°C appears to be related to a decrease in hematocrit (more plasma relative to red blood cells), although we did not quantify this effect. Extravascular fluorescence increased proportionately at 34°C, suggesting that vessel leakiness does not contribute to the size-selective temperature effect on growth plate permeability. Permeation through the dense cartilage matrix of the growth plate appears to be the transport-limiting factor, which can, at least, be partially overcome by warm temperature.
Heat increases vessel diameter and blood velocity in subperichondrial plexus vessels. Classic experiments have demonstrated that short-term heat exposure increases total blood delivery to bone (23, 28, 76) . Here, we show that these differences are evident in the growth plate-associated microcirculation, through which nutrients and systemic regulators are delivered to cartilage. By increasing limb temperature 12°C within a normal physiological range, we were able to enhance the carrying capacity of the vasculature, as measured by vessel diameter and red blood cell velocity. Vessel diameter increased Ͼ30%, and velocity doubled its 22°C baseline value. An Fig. 9 . Heat-enhanced blood velocity in tibial plexus vessels. Scans were performed on the same vessel at the same matched depth at 22°C and 34°C. Morphology of the collagen assessed by SHG was used to verify depth (see Fig. 7) . A: paired comparisons show Ͼ118% relative increase in red blood cell velocity at 34°C (*P Ͻ 0.05). Line-scan images of plexus vessels were generated along the directionality of the blood flow (parallel to the vessel wall in the center of the lumen) after injection of FL dextrans (B). Plasma is illuminated (white), and red blood cells moving through the vessel appear as nonfluorescent, dark shadows. The vertical dimension of the image represents time (the 1.28-s interval of the line scan), and the horizontal dimension represents distance (width of the 512 line scan). Velocity was calculated as the average slope of the line (⌬d/⌬t), created by the red blood shadows. On average, blood velocity at 34°C was over double its baseline value at 22°C (A). B: in a different experiment, the limb was cooled from 34°C to 25°C. Blood velocity decreased 43% from 1,280 m/s to 730 m/s in a time span of 10 min. estimated volume calculation (ϳvelocity ϫ diameter 2 ) shows that temperature increases the volume of blood delivered to the growth plate by approximately threefold, providing a reservoir of molecules that could potentially extravasate out of the vasculature and into the cartilage matrix. This study is the first to demonstrate the temperature sensitivity of blood flow regulation in the microvasculature surrounding the growth plate. We conclude that the increase in vascular carrying capacity (increased blood velocity and vessel diameter) is at least one mechanism by which molecular access to the growth plate is enhanced by heat.
Caveats and technical considerations. We are aware of the limitations and predetermined assumptions upon which our study is based. Two main caveats are: 1) the method of selecting and measuring limb temperature and 2) the physical and physiological limitations of biologically inert, anionic dextrans. First, our selected temperatures were based on published thermocouple recordings of the human intra-articular knee capsule, measured during a range of normal activities (8, 34, 44, 64, 72) . The extension of these temperatures to the growth plate requires the coarse assumption that intra-articular knee temperature is a good representative of proximal tibial growth plate temperature. This also requires a corollary assumption that temperature of our perfusion bath, as recorded at the site of limb imaging, reflects internal limb temperature.
We did not take direct thermocouple recordings of the growth plate but instead, recorded noninvasive temperatures in a consistent location immediately adjacent to the growth plate. There have been few experimental attempts to record actual growth plate temperature due to the invasive necessity of implanting a telemetry device. Heat (from reactive hyperemia) (74) , tissue damage (87) , and inability to obtain consistent measurements (10) are all practical technical issues that have prevented others from accurately recording growth plate temperature directly. However, indirect methods have been validated.
In vivo studies have successfully used thermocouple and noncontact methods to measure differences precisely in temperatures of the bone surface (17) , muscle (95) , subcutaneous layer (23), and overlying skin (2, 10, 17, 70, 77, 78) , which were directly attributable to a procedural manipulation of the growth plate and its blood supply in a live animal. Doyle and Smart (17) simultaneously compared thermistor readings from devices that were surgically placed on the surface of the rat distal femur with those placed on the external surface of the limb during short-wave diathermy heating. They found that the temperatures were the same in both sites and concluded that surface temperature could be used as an indicator of internal limb temperature (17) . Therefore, we are confident that the primary assumptions of our experiments are scientifically grounded with respect to our method of modulating and recording growth plate temperature in the context of this study.
The second and more insidious caveat involves the use of biologically inert, anionic dextrans as a generic proxy for physiological regulators, such as circulating steroid hormones and peptides. Differences between dextrans and proteins range from charge, deformability, and configuration (96) to transport molecules (53) and carriers (40) , which regulate solute bioavailability. Electrostatic exclusion was considered because of the potential for anionic dextrans to be repelled by negatively charged proteoglycans in cartilage (94). An important note is that biological molecules can be subject to this same exclusion due to the negative charges added by excessive protein glycosylation (40) .
Arkill and Winlove (6) studied transport of neutral and anionic, low molecular-weight tracers (Ͻ500 Da) that were predicted to exhibit minimal size exclusion in articular-cartilage explants. They found that static loading reduced the uptake of the anionic tracers but did not affect neutral tracers, suggesting the potential for charge effects. Evans and Quinn (21) also found differences in diffusivity among positive, negative, and neutral 10-kDa dextrans under conditions of cartilage explant loading ex vivo. These results are difficult to interpret, however, because it is not possible to separate the effects of mechanical load on cartilage structure from those of charge-limited diffusivity alone. Avoiding complications of molecular charge, Torzilli and colleagues (88 -90) used uncharged solutes, ranging from 180 Da to 70 kDa, to study size effects on diffusion through intact cartilage under a variety of experimental conditions. They reported high diffusivity of small solutes through cartilage matrix but limited movement of the larger solutes, as others have similarly shown (3, 16, 50, 60) . A and B) show vessels in the subperichondrial plexus in the same mouse limb at 22°C (A) and after 30 min equilibration at 32°C (B). Dexa-FL appears white in the vessels and surrounding tissues. In this single, preliminary experiment, Ͻ1/2 of the amount of dexa-FL was measured in the growth plate and in the region of the metaphyseal bone at 22°C baseline compared with 32°C. Results are consistent with biologically inert dextrans. In a separate experiment, labeled GH (23.2 kDa) was injected at 32°C to demonstrate its entry into the mouse tibial growth plate at physiological temperature. Time-lapse images (C and D) show OTC fluorescence (yellow pseudocolor) in metaphyseal bone immediately before the injection (C) and 30 min later (D), after injecting labeled GH (blue-gray pseudocolor). These images demonstrate the potential of studying labeled biomolecule entry in the growth plate in real time under controlled experimental conditions. We conducted validation experiments using neutral 40-kDa dextrans and found that heat-enhanced transport using large neutral solutes (Fig. 4D ) matched our results using anionic dextrans (Fig. 4) . Although we cannot completely eliminate charge effects on cartilage transport in vivo based on this limited sample, we are confident in the ability to test our primary temperature hypothesis using different molecularweight anionic dextrans.
However, molecular weight and charge are only two of many variables that affect transport mechanisms; factors such as deformability and carriers, must also be considered. For example, a neutral globular protein may be less conformable than an equivalent molecular-weight anionic linear dextran when considering movement through a fixed-dimension pore. Albro et al. (3) demonstrated that transport of transferrin (80 kDa) through cartilage disks was less enhanced by dynamic loading than similarly sized dextrans (70 kDa), which are size asymmetric and more deformable compared with some rigid globular proteins (96) . Such complexities are among many confounding variables that cannot be modeled with dextrans and hence, the impetus for our current work using fluorescently labeled biomolecules. The knowledge base attained here with dextrans sets a solid foundation for studying delivery of labeled biomolecules, which have already shown promise for in vivo delivery to the growth plate (Fig. 10) .
Significance and future directions. The primary motivation of this research was to collect baseline data that would contribute to the design of heat-based therapies for targeting molecular delivery into growth plates. We found that mild limb heating effectively enhanced the transport of large (Ն10 kDa) molecules that are normally size restricted at the vascularcartilage interface. Significant biological effects could result from enhancing penetration of a large molecule that might otherwise not enter the growth plate. The in vivo imaging approach is unique, because it enables us to address questions that were previously unanswerable and offers novel insight into growth plate regulation by way of vascular access of local and systemic molecules. Temperature modulation through the application of mild heat could be a simple permeation-enhancing method for improving drug delivery to cartilage. Local heating could be used to control natural joint temperature fluctuation, thus stabilizing temperatures at a transport optimal for consistent drug delivery. The next important steps are to determine the most effective doses, delivery routes, and timing for targeting delivery to the growth plate. In vivo imaging of labeled biomolecules (Fig. 10) will be especially valuable in this exciting, clinically relevant pursuit.
Heat Increases Large Molecule Access to Growth Plates • Serrat MA et al. 
